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BACKGROUND: Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that can cause hepatotoxicity. The underlying toxicological mecha-
nism remains to be investigated. Given the critical role of fecal microbiota in liver function, it is possible that fecal microbiota may contribute to the
liver toxicity induced by PFOS.
OBJECTIVES:We aimed to investigate the role of liver-fecal microbiota axis in modulating PFOS-induced liver injury in mice.

METHODS:Male and female mice were exposed to PFOS or vehicle for 14 d. In this investigation, 16S rDNA sequencing and metabolomic profiling
were performed to identify the perturbed fecal microbiota and altered metabolites with PFOS exposure. In addition, antibiotic treatment, fecal micro-
biota transplantation, and bacterial administration were conducted to validate the causal role of fecal microbiota in mediating PFOS-induced liver
injury and explore the potential underlying mechanisms.

RESULTS: Both male and female mice exposed to PFOS exhibited liver inflammation and steatosis, which were accompanied by fecal microbiota dys-
biosis and the disturbance of amino acid metabolism in comparison with control groups. The hepatic lesions were fecal microbiota-dependent, as sup-
ported by antibiotic treatment and fecal microbiota transplantation. Mice with altered fecal microbiota in antibiotic treatment or fecal microbiota
transplantation experiments exhibited altered arginine concentrations in the liver and feces. Notably, we observed sex-specific lower levels of key
microbiota, including Lactobacillus, Enterococcus, and Akkermansia. Mice treated with specific bacteria showed lower arginine levels and lower
expression of the phosphorylated mTOR and P70S6K, suggesting lower activity of the related pathway and mitigation of the pathological differences
observed in PFOS-exposed mice.

CONCLUSIONS: Our study demonstrated the critical role of the fecal microbiota in PFOS-induced liver injury in mice. We also identified several criti-
cal bacteria that could protect against liver injury induced by PFOS in male and female mice. Our present research provided novel insights into the
mechanism of PFOS-induced liver injury in mice. https://doi.org/10.1289/EHP10281

Introduction
Perfluorooctane sulfonate (PFOS) is a ubiquitous environmental
pollutant, which has accumulated excessively among the higher
trophic level of the food chain through biological concentration
and magnification. It has a long elimination half-life1 and distrib-
utes ubiquitously in wildlife2,3 and humans.4,5 It is important to
note that PFOS has been commonly detected in cord blood6 and
human breast milk,7 indicating the potential adverse effect of
maternal PFOS exposure in offspring.8,9 In 2009, PFOS was listed
as one of the nine new persistent organic pollutants in the
StockholmConvention.10

The widespread contamination and the persistence of PFOS
have raised concerns about its possible side effects. Experimental
studies have revealed numerous toxicities of PFOS in mice11–14

and in rats.14–16 The liver is the major target of PFOS toxicity in
mice.11,17 PFOS was reported to disturb the expressions of he-
patic genes involved in fatty acid metabolism, as well as hepatic
fatty acid and cholesterol contents in mice17 and in fetal rats.18 A
cross-sectional study demonstrated that concurrent exposure to
PFOS was associated with increased risk for nonalcoholic steato-
hepatitis and higher plasma levels of metabolites in children

diagnosed with nonalcoholic fatty liver disease (NAFLD).19

Stratakis et al. also found that prenatal exposure to PFOS could
contribute to liver injury in childhood.20 Furthermore, previous
research indicated that males showed more severe histological
hepatic changes than females in PFOS-exposed zebrafish, which
was likely related to the higher excretion rate of females.21 Over
the last few decades, numerous studies have revealed gut micro-
biota as critical regulators in liver functions.22–24 Research found
that restored gut homeostasis might alleviate hepatic steatosis
and inflammation in mice.25 Moreover, it was highlighted that
gut microbiota had an impact on host metabolic disorders related
to energy metabolism and bile acid diversity in mice,26,27 indicat-
ing the key role of gut microbiota metabolites in host physiology.
Recently, there have been reports indicating the alterations of gut
microbiota and host metabolism by PFOS exposure in mice.28,29

However, the causal relationship has not been directly investi-
gated, and the detailed contributions of gut microbiota to the liver
injury induced by PFOS remain elusive.

In this study, we aimed to investigate the potential mecha-
nisms of hepatotoxicity induced by PFOS in mice from the per-
spective of fecal microbiota. In this investigation, 16S rDNA-
based microbiota analysis, metabolomic profiling, antibiotic
(ABX) treatment, fecal microbiota transplantation (FMT) experi-
ments, and bacterial administration were conducted to reveal a
potential mechanistic link among the sex-specific microbiota sig-
nature, metabolic homeostasis, and mammalian target of rapamy-
cin (mTOR)-P70S6K pathway in the modulation of PFOS-
induced liver injury.

Methods

Chemicals and Reagents
The alanine aminotransferase (ALT; C009-2-1, microplate test),
aspartate aminotransferase (AST; C010-2-1, microplate test), and
alkaline phosphatase (ALP; a059-2-2, microplate test) assay kits
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were purchased from the Nanjing Jiancheng Bioengineering
Institute. Vancomycin was purchased from MedChemExpress.
Neomycin was purchased from Alfa Aesar, and 4-Chloro-phenyl-
alanine (4-Cl-Phe), metronidazole, ampicillin, and PFOS (Product
No. 77282, potassium salt) were purchased from Sigma Aldrich.
L. reuteri (BNCC192190), E. faecalis (BNCC186075), and
Akk. muciniphila (DSM22959) were purchased from BeNa Culture
Collection. De Man, Rogosa and Sharpe (MRS) broth, and brain
heart infusion (BHI) broth were obtained from Qingdao Hope Bio-
Technology Co., Ltd. Porcine mucin was purchased from Yuanye
Bio-Technology. Cysteine was purchased from Aladdin. Antibody
for p-mTOR (Ser2448, AF3308) was purchased from Affinity.
Antibody for p-P70S6K (Thr389, Thr412, PA5-104,842) was pur-
chased from Thermo Fisher Scientific. Antibodies for mTOR
(A11354) and P70S6K (A16658) were purchased from ABclonal.
HRP-Polymer anti-Rabbit antibody (MaxVision, KIT5005) was
purchased from MXB Biotechnologies.

Hepatotoxicity Experiment
Male and female specific pathogen-free (SPF) ICR mice, 4–5 wk of
age (Chinese University of Hong Kong) were used. All experiments
were conducted according to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health,
and the procedures were approved by the Hong Kong Department of
Health. Mice were treated humanely and were housed in the Hong
KongBaptist University facility for a week before the start of experi-
mentation, where theywere allowed to consume tapwater ad libitum.
At the start of experimentation, mice were randomly assigned to ei-
ther a control or PFOS-treated group (n=8–11 for each group of
male and female mice). PFOS was dissolved in 2% Tween 80 and
given via daily oral gavage to mice once daily for 14 d at doses of
1 mg=kg, 5 mg=kg, and 10 mg=kg. Control mice received 2%
Tween 80 without PFOS. The administered doses were selected to
induce liver injury without causing death, based on a previous study,
with minor modification.17 Twenty-four hours after the last dose,
mice were anesthetized by isoflurane, and biological samples were
then collected. The mice were euthanized by cervical dislocation.
Blood was collected via eyeball enucleation. Serum samples were
collected by centrifugation at 4,000 rpm for 15min at 4°C. The livers
were then collected, washed with phosphate buffered saline (PBS)
and blotted with filter paper. The hepatosomatic index was calculated
as liver weight (g) per gram of body weight, multiplied by 100. Fresh
feces were collected during necropsy and rapidly quenched in liquid
nitrogen and then stored at −80�C until further analysis. The experi-
mental design for this study is shown in Figure 1A.

Biochemical Analysis and Histopathologic Examination
The serum ALT activity, AST activity, and ALP activity were
determined using a microplate reader (PerkinElmer 2030), accord-
ing to the instructions of the manufacturers. Briefly, for ALT activ-
ity analysis, ALT reacted with alanine and a-ketoglutarate and
produced pyruvic acid. Pyruvic acid was then reacted with 2,4-
dinitrophenylhydrazine (DNPH) to form phenylhydrazone, which
could be dissolved in sodium hydroxide and then detected at
505 nm. For AST activity analysis, AST catalyzed aspartate and
a-ketoglutarate to form oxalacetate and glutamate. Oxalacetate
could decarboxylate automatically to pyruvic acid, which could
react with DNPH and then be detected at 510 nm. For ALP activity
analysis, ALP catalyzed disodium phenyl phosphate to form phe-
nol, which could react with 4-aminoantipyrine and potassium ferri-
cyanide and could be detected at ∼ 520 nm. For pathological
analysis, the mice liver tissues were fixed in 10% neutral buffered
formaldehyde solution for 24 h, paraffin-processed (Excelsior AS
and HistoStar; Thermo Scientific) and sectioned at 4 lm (Leica

RM2125RTS). The sections were stained with hematoxylin-eosin
(HE) and examined for histopathological changes under the micro-
scope (Olympus DX45). The images were taken by the built-in
software installed in themicroscope.

16S rDNA Amplicon Sequencing
Total DNAwas extracted from fecal pellets using E.Z.N.A. Bacterial
DNA Kit (Omega Bio-Tek) according to the manufacturer’s instruc-
tions. The DNA was quantified by Qubit 2.0 (Invitrogen, Thermo
Scientific) and stored at −80�C until analysis. DNA was amplified
using primers of 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT) (Invitrogen, ThermoScientific)
to target the V4 regions of 16S rDNA of bacteria. Samples were
sequenced on the Illumina Hiseq2500 platform producing 250-bp
paired end reads (Illumina). The reads with quality scores of <20, the
contaminated reads, the reads with ambiguous bases and low com-
plexity (Reads with 10 consecutive same base) were removed. The
operational taxonomic unit (OTU)was clustered usingUSEARCH at
a threshold of 97% similarity. Representative sequence for each OTU
was assigned to Greengenes Database (V201305, gg_13_5) using
RDP Classifier (v2.2). Quantitative Insights into Microbial Ecology
(QIIME) andMothur were used for analysis including alpha and beta
diversities. The taxonomic assignment was achieved at different lev-
els, including phylum, class, order, family, genus, and species.
Sequencing and quality control was done byBGICo., Ltd.

Metabolomic Profiling of Liver and Fecal Samples
A total of 10 mg of liver tissue was homogenized with 600 lL of
80% methanol by using Bullet Blender (Next Advance). For
feces, 10 mg of fecal sample was homogenized with 600 lL of
80% methanol, then ultrasonicated in ice water for 30 min and
vortex-mixed for 2 min. All the extracts were centrifuged at
13,000 rpm for 10 min at 4°C, and the supernatant was then dried
using an IR concentrator (N-BIOTEK). The dried supernatant
was redissolved with 100 lL of 50% methanol for metabolomic
profiling; 4-Cl-Phe (1 lg=mL) was used as internal standard (IS).

Analysis was performed using an Ultimate 3000 rapid sepa-
ration liquid chromatography (LC) system, coupled with a Q
Exactive Focus Orbitrap MS (mass spectrometry) (Thermo
Scientific). Full scan mode was applied in positive and negative ion
modes with ESI source. Chromatographic separation was achieved
on an ultra-performance liquid chromatography (UPLC) HSS T3
column (2:1× 100 mm, 1:8 lm; Waters). The mobile phase con-
sisted of 0.1% formic acid-water (v/v; A) and 0.1% formic acid-
acetonitrile (v/v; B) at the flow rate of 0:3 mL=min. The liquid
chromatographic gradient was programmed as follows: 0 min,
2% B; 1 min, 2% B; 19 min, 100% B; 21 min, 100% B; 21.1–25
min, 2% B. The MS parameters were set as reported by our pre-
vious publication.30

Targeted Amino Acid Analysis
Amino acids in the liver and feceswere analyzed usingUltimate 3000
rapid separation LC coupled with TSQ Quantiva triplequadrupole
MS (QqQ, Thermo Scientific). Chromatographic separation was per-
formed on an Xbridge BEHAmide column (2:1× 100 mm, 1:7 lm;
Waters). Liver and fecal samples were processed using the methods
asmentioned inmetabolic profiling. An aliquot (2 lL) of the final su-
pernatant was subjected for liquid chromatography–mass spectrome-
try (LC-MS) analysis, with 4-Cl-Phe (0:2 lg=mL) to be the IS. The
mobile phase consisted of 0.1% formic acid–water (v/v) containing
10mM ammonium acetate (A) and acetonitrile (B) at the flow rate of
0:3 mL=min. The liquid chromatographic gradient was programmed
as follows: 0 min, 85% B; 12 min, 55% B; 13 min, 30% B; 14 min,
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30% B; 14.5–18 min, 85% B. The MS parameters were set as previ-
ously published.31

ABX and FMT Experiments
To ablate the fecal microbiota, mice were gavaged with a solution
of vancomycin (50 mg=kg), neomycin (100 mg=kg), and metroni-
dazole (100 mg=kg) twice daily for 7 d in advance (n=8–10 for
each group in male and female mice). The dosages of the antibiot-
ics were selected based on the literature.32 Ampicillin (1 mg=mL)
was provided ad libitum in drinking water. With regard to the
selection of PFOS dosage for fecal microbiota transplantation and
antibiotic treatment studies, preexperiments were conducted to es-
tablish a dose that resulted in moderate liver injury in mice. One to
three mice each were exposed to either 2 or 5 mg=kg PFOS via
daily oral gavage once daily for 14 d. Twenty-four hours after the
last dose, the liver was collected, and the hepatosomatic index was
calculated to evaluate the hepatotoxicity. Although 5 mg=kg
PFOS dosage induced severe liver injury in mice (Figure 1B and
Table S2; hepatosomatic index 6.7%–7.5%), 2 mg=kg dosage ex-
posure (14 d) induced moderate liver injury (Table S1; hepatoso-
matic index 4.9%–5.6%) and was selected for further study. The
mice were treated with PFOS in the presence of antibiotics for
2 wk from the eighth day. In fecal transfer experiments, 5–6 fecal
pellets were collected from healthy mice (consumed water and
feed ad libitum without any treatment) and resuspended in 1 mL
PBS. The mixtures were vortexed and then centrifuged at
1,000 rpm for 1 min at 4°C. A 200-lL supernatant was used for
orogastric gavage 2 wk in advance. The mice were then exposed to
PFOS with fecal supernatant for 2 wk from the 15th day. The ex-
perimental design for the antibiotic and fecal transfer studies is
shown in Figure 4A.

Mouse Intervention Study with Specific Species
L. reuteri was cultured anaerobically in MRS broth. E. faecalis
were cultured aerobically in MRS broth. Akk. muciniphila was
cultured anaerobically in BHI broth supplemented with 0.05%
porcine mucin and 0.05% cysteine. L. reuteri, E. faecalis, and
Akk. muciniphila were cultured for 2, 4, and 7 d, respectively.
For bacteria identification, the bacterial suspension was amplified
by Phanta Max Super-Fidelity DNA Polymerase (Product No.
P505;Vazyme Biotech Co. Ltd.) with the universal primers (27F:
AGAGTTTGATCMTGGCTCAG and 1492R: GGTTACCTTG-
TTACGACTT; Sangon Biotech), according to the instruction.
The reaction was programmed using a 2720 Thermal Cycler as
follows: 95°C for 3 min; 35 cycles of 95°C for 15 s; 55°C for 15 s,
followed by 72°C for 60 s; and 72°C for 5 min. The product was
then sequenced by 3730XL [Applied Biosystems, BGI Health
(HK) Co. Ltd., or Sangon Biotech], and the result sequences were
identified with the BLAST database (https://blast.ncbi.nlm.nih.
gov/Blast.cgi, BLAST+ 2.13.0). The bacteria were quantified by
plate count method. The bacteria were diluted 104, 106, and 108

times with PBS after cultivation. A total of 100 lL of suspension
was then cultured on MRS or BHI agar plates (L. reuteri and Akk.
muciniphila: anaerobic environment, 37°C, 5% CO2; E. faecalis:
aerobic environment, 37°C). The number of bacteria were counted
when the obvious colonies appeared. The experiments were
repeated three times. For bacterial administration, at least 1 × 108

colony-forming units (CFUs) of bacteria were administered to
mice via oral gavage (n=8–10 for each group in male and female
mice). Mice were treated with bacteria once daily for 21 d in
advance; then the mice were exposed to PFOS with bacteria for
2 wk from the 22nd day. In sham-controlled trials, bacteria were
heat-killed at 121°C under high pressure (0.1 MPa) for 20 min

(Hirayama autoclave, HV-50). The experimental design for this
study can be found in Figure 5B.

Quantification of the Abundance of Bacteria in Feces
The fecal samples were collected during necropsy at the end of the
experiment and frozen at −80�C until analysis. Fecal DNA was
extracted using the TIANamp Stool DNA Kit [DP 328, TIANGEN
Biotech (Beijing) Co. Ltd.] according to the manufacturer’s instruc-
tions. The DNA concentration was then measured by a Nano-100
micro-spectrophotometer (Hangzhou AllSheng Instruments Co.
Ltd.). Quantitative real-time polymerase chain reaction (qPCR)
reactions were performed using the PIKOREAL 96 Real-Time
PCR System (Thermo Fisher Scientific) with the TB Green
Premix Ex Taq (Takara Biotechnology), to determine the amounts
of bacteria. The primers sequences used to amplify the bacteria are
described as follows (50 ! 30) [BGI Tech Solutions (Beijing
Liuhe) Co., Ltd.]:

Akk. muciniphila: Forward: CAGCACGTGAAGGTGGGGAC
Reverse: CCTTGCGGTTGGCTTCAGAT;
E. faecalis: Forward: AGAAATTCCAAACGAACTTG
Reverse: CAGTGCTCTACCTCCATCATT;
L. reuteri: Forward: GCGTTGATGTTGTTGAAGGAATGAG-
CTTTG
Reverse: CATCAGCAATGATTAAGAGAGCACGGCC;
Universal: Forward: AAACTCAAAKGAATTGACGG
Reverse: CTCACRRCACGAGCTGAC.
A previously described method33 was used to quantify the

total bacterial DNA in fecal samples using 16S primers (338F:
ACTCCTACGGGAGGCAGCAG, 518R: ATTACCGCGGCT-
GCTGG) [BGI Tech Solutions (Beijing Liuhe) Co., Ltd.], with
minor modification. The quantification was also conducted using
the PIKOREAL 96 Real-Time PCR System with the TB Green
Premix Ex Taq. The standard curve was plotted with E. coli DNA
[Sangon Biotech (Shanghai) Co., Ltd.]. The concentration of total
bacterial DNA was presented as lg (copy number) per milligram
feces. The reaction was programmed as follows34: 95°C for 30 s;
50 cycles of 95°C for 5 s; 60°C for 35 s, followed by 95°C for
15 s; 60°C for 60 s; and 95°C for 15 s.

Immunohistochemistry
Paraffin-embedded liver sections were deparaffinized and rehy-
drated, and antigen retrieval was performed using antigen
retrieved buffer (KGIHC001, KeyGEN BioTECH). Then the sec-
tions were blocked with 1% bovine serum albumin (BSA) for 20
min, incubated with p-mTOR (1:50), p-P70S6K (1:100), mTOR
(1:200), and P70S6K (1:200) at 4°C overnight, followed by incu-
bation with HRP-Polymer anti-rabbit antibody (1:200) for 20 min
at room temperature. After washing, samples were incubated in
diaminobenzidine and counterstained in hematoxylin. The images
were visualized by a digital pathological section scanner
(NanoZoomer 2.0 RS, Hamamatsu) and were quantified using
Image J.

Statistical Analysis
The results of biological assays are presented as means ±
standard deviation ðSDÞ. The differences among the groups were
analyzed using Student’s t-test (two groups) or one-way analysis of
variance (ANOVA) (more than two groups). Statistical analysis
was performed using SPSS (version 20; IBM) software. All tests
were two-sided and were considered statistically significant at
p<0:05. Partial least squares discrimination analysis (PLS-DA)
was performed to identify the discrimination of variables in metab-
olomic analysis. Differential metabolites were defined as those
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with variable importance in the projection ðVIPÞ>1:0, fold change
ðFCÞ>1:2 or <0:8, and p<0:05.

Results

Evaluation of Liver Function in Male and Female Mice with
PFOS Exposure
We first addressed the interaction between PFOS treatment and
liver injury (Figure 1A). In comparison with the control group,
PFOS-exposed male and female mice had significantly higher
hepatosomatic indices in a dose-dependent manner (Figure 1B).
The impacts of PFOS on ALT, AST, and ALP activities were fur-
ther assessed using the corresponding kits. As can be seen in
Figure 1C–E, male and female mice treated with PFOS had
higher serum ALT activities in a dose-dependent manner, with
significant alterations at the dosages of 5 mg=kg and 10 mg=kg
in comparison with the control groups (Figure 1C). In contrast to
the control group, male mice treated with 10 mg=kg had signifi-
cantly higher AST activities. Similarly, in female mice, PFOS ex-
posure at the dosages of 5 and 10 mg=kg resulted in higher
activities of AST in serum (Figure 1D). Additionally, signifi-
cantly higher ALP activities were observed in PFOS-treated male
and female mice at 1, 5, and 10 mg=kg when compared with the
control groups (Figure 1E). The histopathologic results (Figure
1F) suggested that male and female mice exposed to PFOS exhib-
ited inflammatory cell infiltration at the dose of 1 mg=kg, and a

dose-dependent steatosis necrosis could be found in livers of
mice with 5 and 10 mg=kg dosages.

Exploration of Fecal Microbiota Composition in PFOS-
Treated Mice
To test whether the fecal microbiota played a role in PFOS-
mediated liver injury, we explored the composition of fecal
microbiota by performing a 16S rDNA amplicon sequencing
analysis of bacteria in feces. Principal component analysis (PCA)
revealed a distinct clustering of microbiota composition between
control and PFOS treatment groups in male mice (Figure 2A).
Nevertheless, there was no significant difference in the observed
OTUs between control and PFOS-treated male mice (Figure 2B).
Similarly, in female mice, the fecal microbiota community struc-
tures of the PFOS-treated group were readily differentiated from
those of the control group (Figure 2C). Higher alpha diversity was
observed in PFOS-exposed female mice (Figure 2D), suggesting
the enrichment of particular bacterial taxa with PFOS exposure.
Using the linear discriminant analysis (LDA) effect size (LEfSe)
pipeline, marked alterations in PFOS-exposed mice were observed
in several taxa, such as Lactobacillaceae (g), Enterococcaceae (e),
and Allobaculum (m) in male mice (Figure 2G; Figure S1A),
Akkermansia (a1), Bifidobacterium (a), and Turicibacter (l) in
female mice (Figure 2H; Figure S1B).

Specifically, we analyzed the bacterial abundance differences
in various groups at the genus level. For example, male mice

Figure 1. Evaluation of liver function in male and female mice with PFOS exposure. (A) Mice were administered 0, 1 mg=kg, 5 mg=kg, or 10 mg=kg PFOS
for 2 wk. The mice were finally sacrificed and subjected to various analyses as indicated below. (B) Hepatosomatic index of mice treated with or without
PFOS. Liver enzyme activities (U/L) of (C) ALT, (D) AST, and (E) ALP. Histopathology of liver tissues (F, upper: male mice, lower: female mice, from left
to right are control, 1 mg=kg, 5 mg=kg, and 10 mg=kg PFOS). Hepatosomatic index was calculated as liver weight (g) divided by body weight (g) multiplied
by 100. Results were presented as the mean±SD, n=8–11. Scale bar = 25 lm. Summary data can be found in Table S2. Statistical significance was analyzed
by one-way ANOVA among multiple groups. Note: ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANOVA, analysis of variance; arrow, steato-
sis; AST, aspartate aminotransferase; PFOS, perfluorooctane sulfonate; SD, standard deviation; triangle, inflammatory cells. *p<0:05. **p<0:01. ***p<0:001
in comparison with the control group.
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treated with 10 mg=kg PFOS had significantly lower abundances
of bacteria genera Lactobacillus and Enterococcus by −14:0-fold
and −66:8-fold and had significantly higher abundances of bacte-
ria genera Allobaculum by +59:6-fold (Figure 2E; Figure S1D).
In female mice, 10 mg=kg PFOS-exposed mice had significantly
lower abundances of Akkermansia by about 100-fold (Figure 2F;
Figure S1D), whereas 10 mg=kg PFOS-exposed mice had signifi-
cantly higher abundances of bacteria such as Bifidobacterium,
Allobaculum and Turicibacter by +67:0-fold, +74:5-fold, and
+468:9-fold, respectively (Figure S1D), in comparison with the
control mice. More important, PFOS had a sex-selective effect
even for the same bacterial genus, as our results suggested that
the fecal microbiota profiles were different between male and
female mice, especially at the dosage of 10 mg=kg (Figure S1C).
For instance, Akkermansia showed lower abundances only in
female mice exposed to PFOS, Bifidobacterium showed higher
abundances only in PFOS-treated female mice, and Lactobacillus
and Enterococcus showed a significantly lower abundances only

in PFOS-treated male mice in comparison with the control mice
(Figure S1D).

Untargeted Metabolomic Profiling of Liver and Feces
Untargetedmetabolomic analyseswere performed on livers and feces
to assess metabolic alternations arising from PFOS exposure. The
PLS-DA indicated distinct separation of the metabolic profiles
between control and PFOS-treated groups for livers and feces (Figure
3A,B; Figure S2A,C). Volcano plots also demonstrated the relative
abundances of metabolites in the livers of male (Figure 3C) and
female mice (Figure 3D) treated with vehicle or PFOS (10 mg=kg).
Specifically, our analysis uncovered 116 and 23 differential metabo-
lites associated with PFOS exposure in livers and feces of male mice,
respectively.On the other hand, 126 and 16 significantly differentially
expressed metabolites were identified in liver and feces of the PFOS-
exposed female mice, respectively. An interesting finding was that
pathway analysis in livers indicated that the majority of metabolites

Figure 2. Bacterial 16S rDNA-based analysis of fecal microbiota of PFOS-exposed mice. (A) PCA plot based on bacterial 16S rDNA gene sequence abun-
dance in the feces of male mice. (B) Alpha diversity of fecal 16S rDNA sequencing data from male mice. (C) PCA plot based on bacterial 16S rDNA gene
sequence abundance in the feces of female mice. (D) Alpha diversity of fecal 16S rDNA sequencing data from female mice. (E) and (F) Taxonomic distribu-
tions of bacteria from fecal 16S rDNA sequencing data in male (E) and female (F) mice. The bubble plot of linear discriminant analysis (LDA) scores of bacte-
rial 16S rDNA sequences in control and PFOS-exposed male (G) and female (H) mouse feces. n=5; results were presented as the mean±SD. Summary data
can be found in Table S3 (panels B, D, E, and F) and Excel Tables S1 and S2 (Panels G and H, respectively). Wilcoxon Rank-Sum test was used for the differ-
ential analysis between two groups. Kruskal-Wallis test was used for the differential analysis between multigroups. Note: F, female; F1–F4, control, 1 mg=kg,
5 mg=kg and 10 mg=kg, respectively; M, male mice; M1–M4, control, 1 mg=kg, 5 mg=kg and 10 mg=kg, respectively; PFOS, perfluorooctane sulfonate; SD,
standard deviation. *p<0:05. **p<0:01. ***p<0:001 in comparison with the control group.
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that contribute to group discrimination were relevant to amino acid
metabolism (Figure 3E,F), among which, arginine-related metabo-
lism ranked as the most significant perturbed pathway in livers of
both PFOS-exposed male and female mice (Figure 3G,H). In feces,
the topologymap analysis in male and female mice also revealed that
arginine and proline metabolism was one of the most significant
altered pathways induced by PFOS exposure (Figure S2B,D–F).

Targeted Profiling of Amino Acids in the Liver and Feces
The targeted metabolomic profiling analysis of the relevant
amino acid levels in the liver and feces from different groups was
further conducted. PFOS-exposed mice had significantly higher
arginine and proline levels in the liver in a dose-dependent man-
ner when compared with control groups (Figure 3I,J). In feces,
we also found a similar variation tendency of arginine levels,
whereas the concentrations of proline were markedly lower in a
dose-dependent manner in PFOS-treated mice than in control

mice (Figure S2G,H), which might be the result of the synthesis
of arginine from enteral proline.35

The Effects of ABX Treatment and FMT on PFOS-Induced
Liver Injury in Mice
To clarify the contribution of fecal microbiota to PFOS-induced
liver injury, we a) treated a cohort of mice with a cocktail of anti-
biotics to reduce the intestinal bacterial load and b) performed
FMT experiments on a second cohort of mice whereby mice
were treated orally with feces from a control mouse (Figure 4A).
To determine the optimal dose of PFOS with which to treat mice
to achieve moderate liver injury, we performed a set of prelimi-
nary experiments, treating mice with a range of PFOS doses and
examining the resulting hepatosomatic indices. From these pre-
liminary experiments, a dosage of 2 mg=kg PFOS was selected
for further study (Table S1). We then evaluated the fecal bacterial
DNA abundance using qPCR analysis. FMT restored fecal DNA

Figure 3. The effects of PFOS on the liver metabolic profiles of male and female mice. PLS-DA score plots for discriminating the metabolome in the livers of
male (A) and female (B) mice from control and PFOS treatment groups. Volcano plots showing the relative abundances of metabolites in male (C) and female
(D) mice (10 mg=kg dosage). Enrichment analysis of differential metabolites in male (E) and female (F) mice. Rank pathway term analysis of differentially
expressed metabolites in male (G) and female (H) mice. Comparison of host concentrations of arginine (I) and proline (J) in livers by LC-MS/MS in the indi-
cated groups. The relative abundance was calculated by the ratio between the level of metabolite in PFOS-exposed group and the average level of control
group. n=8–11. Horizontal lines in I and J represent the mean. Summary data can be found in Table S4 and Excel Tables S3 and S4. Statistical significance
was analyzed by one-way ANOVA among multiple groups. Note: ANOVA, analysis of variance; F, female; F1–F4, control, 1 mg=kg, 5 mg=kg, and
10 mg=kg; LC-MS/MS, liquid chromatography–tandem mass spectrometry; M, male mice; M1–M4, control, 1 mg=kg, 5 mg=kg, and 10 mg=kg; PFOS, per-
fluorooctane sulfonate; PLS-DA, partial least squares discrimination analysis. *p<0:05. **p<0:01. ***p<0:001 in comparison with the control group.
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Figure 4. The effects of ABX treatment and FMT on PFOS-induced liver injury. (A) Experimental design: Mice were orally administered solvent with ABX
for 7 d, followed by the addition of 2 mg=kg=d PFOS and ABX for days 8–21. The FMT group was fed fresh feces from an untreated mouse once daily for
14 d, followed by the addition of 2 mg=kg=d PFOS and fresh feces for days 15–28. (B) and (C) Hepatosomatic indices of various groups in male (B) and
female (C) mice. (D) Histopathology of liver tissues in male mice. (E) Histopathology of liver tissues in female mice. (F) and (G) The relative abundance
of arginine in livers (F) and feces (G) by LC/MS analysis in the indicated groups. Results were presented as the mean±SD. Hepatosomatic index was cal-
culated as liver weight (g) divided by body weight (g) multiplied by 100. The relative abundance was calculated by the ratio between the level of metabolite
in exposure group and the average level of control group. n=8–10. Summary data can be found in Table S5. Statistical significance was analyzed by one-
way ANOVA among multiple groups. Scale bar = 25 lm. Note: ABX, antibiotic treatment; ANOVA, analysis of variance; arrow, steatosis; FMT, fecal
microbiota transplantation; LC/MS, liquid chromatography–mass spectrometry; ns, not significant; P and PFOS, perfluorooctane sulfonate; SD, standard
deviation. *p<0:05. **p<0:01. ***p<0:001 in comparison with the indicated group.
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to control levels after PFOS administration. ABX treatment with
or without PFOS resulted in significantly depleted DNA levels in
both male and female mice (Figure S3A and B). Both male and
female mice treated with ABX and FMT with PFOS had signifi-
cantly lower hepatosomatic indices in comparison with the mice
treated with PFOS alone (Figure 4B,C). In FMT experiments, the
inflammatory cell infiltration and steatosis necrosis induced by
PFOS were relieved in male and female mice (Figure 4D,E).
Consistently, targeted metabolomic profiling of liver arginine
revealed higher arginine concentration in PFOS-exposed mice
was blocked by FMT (Figure 4F). However, 2 mg=kg PFOS-
exposed male and female mice had significantly lower proline
concentrations unexpectedly in the liver (Figure S3C), whereas
5 mg=kg and 10 mg=kg PFOS-exposed male and female mice
had significantly higher liver proline levels when compared with
control groups in the hepatotoxicity experiment (Figure 3J). The
concentrations of arginine in feces were further determined. We
found that the arginine levels in feces and liver showed the same
trend, and arginine concentrations in mice treated with PFOS and
transferred feces were significantly lower than in mice treated

with PFOS alone (Figure 4G). However, with ABX treatment,
the impacts of PFOS on arginine levels were abolished in the
liver and feces (Figure 4F,G), and the treatment of ABX partly
reversed the PFOS-induced liver injury (Figure 4D,E).

The Effects of Specific Bacteria on PFOS-Induced Liver
Injury in Mice
The associations between the alterations in the fecal microbiota,
arginine concentrations, and PFOS-induced liver injury have al-
ready been described above. Akkermansia in female mice and
Enterococcus and Lactobacillus in male mice were identified as
key sex-specific genus responding to PFOS exposure as shown in
Figure 2E,F; Figure S1D. Interestingly, we found that PFOS-
treated male mice had significantly lower abundances of L. reu-
teri at the order-family-genus-species levels (Figure 5A1–3;
Figure S4A). PFOS-exposed male mice had a significantly lower
abundance of Enterococcus at the order-family-genus levels in
comparison with control mice (Figure 5A1,4,5). PFOS-exposed
female mice had a significantly lower abundance of Akk.

Figure 5. The effects of bacterial administration on PFOS-induced liver injury. (A) Comparison proportion of order, family, genus, and species levels of spe-
cific bacteria in feces detected by sequencing analysis. (B) Experimental design: Mice were colonized specific bacteria for 3 wk and subsequently orally admin-
istered with 2 mg=kg=d PFOS and specific bacteria for an additional 2 wk. (C) Hepatosomatic indices of various groups in male (left) and female (right) mice.
(D) Histopathology of liver tissues in male mice. (E) Histopathology of liver tissues in female mice. (F) The relative abundance of arginine in livers of male
mice by LC/MS analysis. (G) The relative abundance of arginine in livers of female mice by LC/MS analysis. Hepatosomatic index was calculated as liver
weight (g) divided by body weight (g) multiplied by 100. The relative abundance was calculated by the ratio between the level of metabolite in exposure group
and the average level of control group. n=8–10. Summary data can be found in Table S6. Statistical significance was analyzed by one-way ANOVA among
multiple groups. Scale bar = 25 lm. Results were presented as the mean±SD. Note: ANOVA, analysis of variance; AKK, Akk. muciniphila; arrow, steatosis;
EF, E. faecalis; F, female; F1, control group; F4, 10 mg=kg. LR, L. reuteri; M, male, M1, control group; M4, 10 mg=kg; P and PFOS, perfluorooctane sulfo-
nate; SD, standard deviation. *p<0:05. **p<0:01. ***p<0:001 in comparison with the indicated group.
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muciniphila at the family-genus-species levels, in comparison
with the control group (Figure 5A6–8). Furthermore, we con-
firmed the lower abundances of L. reuteri, E. faecalis, and Akk.
muciniphila in respective PFOS-treated mice by qPCR analysis
(Figure S4B–D).

To further investigate the relationship between these three
bacteria and PFOS-induced liver injury, mice were gavaged once
daily with commercial strains of L. reuteri, E. faecalis, and Akk.
muciniphila for 5 wk (Figure 5B). Notably, we found that live
bacteria-treated mice had significantly lower hepatosomatic indi-
ces when compared with the mice treated with PFOS only
(Figure 5C). Consistently, histological analysis revealed that the
liver injury induced by PFOS in the live bacteria-treated mice
was alleviated (Figure 5D,E). In addition, we detected signifi-
cantly lower abundance of hepatic arginine in mice gavaged with
specific live bacteria when compared with the mice treated with
PFOS alone (Figure 5F,G). Similar results were also obtained in
the fecal samples (Figure S4E,F). Furthermore, heat-killed bacte-
ria also alleviated PFOS-induced liver injury, as demonstrated by
the lower hepatic indexes, relieved pathological changes of liver,
and the recovery of arginine concentrations (Figure 5C,F,G;
Figure S4G–I).

The Impact of PFOS Exposure on the Expressions of mTOR
and P70S6K

mTOR plays an important role in liver functions.36,37 We next
tested the effects of PFOS on mTOR-P70S6K pathway. With a
comparative analysis of immunohistochemistry, we observed that
PFOS-exposed male and female mice had a significantly higher
expression of the phosphorylation of mTOR, as well as its down-
stream target P70S6K, in comparison with the control mice
(Figure S5A,B). An important finding was that male mice treated
with L. reuteri/E. faecalis and female mice treated with Akk.
muciniphila all had significantly lower expression of the phos-
phorylated mTOR and P70S6K in the liver in comparison with
the mice treated with PFOS alone (Figure 6A,B), which was con-
sistent with the significantly lower arginine levels in mice. On the
other hand, mice treated with PFOS combined with heat-killed
bacteria treatment (L. reuteri, E. faecalis and Akk. muciniphila)
also showed lower expression of phosphorylated mTOR and
P70S6K in comparison with the mice treated with PFOS alone
(Figure 6A,B). In contrast, no significant differences in the
expression of mTOR and P70S6K were observed in the indicated
groups (Figure S6,S7).

Figure 6. The effects of PFOS on the expressions of mTOR and P70S6K. (A) Expression of phosphorylated mTOR and P70S6K in fixed liver tissues of
male mice in the indicated groups. (B) Expression of phosphorylated mTOR and P70S6K in fixed liver tissues of female mice in the indicated groups. (C)
Schematic diagram of a potential mechanism by which the fecal microbiota contributes to PFOS-induced liver injury. PFOS regulates the abundances of
fecal microbiota, which in turn contribute to the regulation of arginine levels in livers and then result in the activation of mTOR-P70S6K signaling pathway
that can cause liver injury. n=3, The relative intensity represents the ratio between the expression level of phosphorylated protein (p-mTOR and p-P70S6K)
and the total protein expression level (mTOR and P70S6K). Summary data can be found in Table S7. Statistical significance was analyzed by one-way
ANOVA. Results were presented as the mean±SD. Note: AKK, Akk. muciniphila; ANOVA, analysis of variance; EF, E. faecalis; LR, L. reuteri; mTOR,
mammalian target of rapamycin; P and PFOS, perfluorooctane sulfonate; SD, standard deviation. *p<0:05. **p<0:01. ***p<0:001 in comparison with the
indicated group.
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Discussion
The liver is an important organ for detoxification and has been
considered a primary site of bioaccumulation of several pollu-
tants.17 Gut microbiota is known to play a pivotal role in host
pathophysiological status. For instance, the dysbiosis or imbal-
ance between each bacterium occurred in alcohol-induced liver
injury in mice. Impairment of bacterial synthesis of metabolites
such as saturated long-chain fatty acids, bile acids and tryptophan
may exacerbate liver disease in the mouse model.25,38,39 Here,
combining fecal microbiota sequencing and metabolomic analy-
sis, we implicate the critical role of gut–liver axis in mediating
PFOS’s liver toxicity.

Given that PFOS was found to alter the fecal microbiota in
the present study, we address the question whether PFOS induces
liver injury through the remodeling of fecal microbiota. The hy-
pothesis is strongly supported by attenuation of adverse liver
effects with the suppression of fecal microbiota using antibiotics
and supplementation of bacteria by FMT experiments. Our find-
ings revealed that PFOS caused liver injury partially through
fecal microbiota and provided novel mechanistic understanding
of liver injury induced by PFOS. However, our data indicated
that both FMT and ABX experiments alleviated the liver injury
induced by PFOS, which requires further study by using ABX
and FMT mouse models alone or in combination to elucidate the
underlying mechanisms.

Specifically, we observed that PFOS exposure exhibited dif-
ferent effects on microbiota between sexes. Comparison of fecal
microbial compositions between control and PFOS-treated
mice revealed a male-specific reduction in the abundances of
Lactobacillus and Enterococcus. These taxa are thought to pro-
tect against diseases such as obesity40 and nonalcoholic hepatic
steatosis in mice.41 PFOS-treated female mice had a dramati-
cally lower abundance of Akkermansia genus in comparison
with the control mice. Presence of this species has been shown
to be protective in diseases such as type 2 diabetes in the mouse
model.42 Similarly, we found that PFOS-exposed mice had sig-
nificantly lower abundances of L. reuteri, E. faecalis, and Akk.
muciniphila at the family-genus-species levels, which were
verified by qPCR analysis. Based on this notion, we employed
a bacterial administration strategy to demonstrate their protec-
tive effects in liver injury and found that intervention with these
bacteria could significantly alleviate the liver injury induced by
PFOS. Our reports demonstrated that heat-treated bacteria also
had protective effects against PFOS-induced liver injury.
Previous studies reported that administering autoclaved (i.e.,
inactivated) bacteria also exhibited effects on diseases like obe-
sity in mice.43 There might be a lack of knowledge of the mo-
lecular mechanisms involved, which warrant further study.

A growing number of studies indicated that gut microbiota
were involved in metabolite production in cell, rodent, or human
models.44 The mouse experiments revealed that the manipulation
of the gut microbiota could affect host metabolic energy balance
and ameliorate pathological features.26,45 Here, we found the
metabolic pathway involving amino acid metabolism strongly
associated with PFOS-induced liver injury. Targeted metabolo-
mic analysis revealed a significant difference in the levels of argi-
nine in livers and feces of PFOS-treated mice in comparison with
control mice. We further demonstrated that L. reuteri, E. faecalis,
and Akk. muciniphila, levels of which were significantly lower in
PFOS-exposed animals, had a positive association between liver
protective effects and lower arginine levels. These results indi-
cated a potentially causal role of these bacteria in mediating the
metabolism of arginine. It seems to be controversial that 2 mg=kg
PFOS-treatment mice had significantly lower proline concentra-
tions in the liver in comparison with control mice, whereas

5 mg=kg and 10 mg=kg PFOS-exposed mice had significantly
higher liver proline levels. This phenomenon requires further
investigation.

Currently, there is little mechanistic insight into how amino
acids contribute to PFOS-induced liver injury. A recent study
demonstrated that PFOS could perturb several signaling path-
ways such as mTOR signaling pathway in rodents or human
Sertoli cells46; the mTOR pathway has been considered to play a
vital role in liver function of mice.47 Our data displayed signifi-
cantly higher arginine levels in PFOS-exposed mice, whereas ar-
ginine was reported to activate mTOR signaling pathway in
cultured cells.37,48 We hypothesized that the mTOR signaling
pathway might be involved in the mechanisms of PFOS-induced
liver injury. Consistently, we observed that PFOS-exposed mice
had significantly higher expression of phosphorylated mTOR and
P70S6K when compared with the control group. In contrast,
bacteria-treated mice had significantly lower expression of the
phosphorylated mTOR and P70S6K in comparison with the mice
treated with PFOS alone, accompanied by a significantly lower
concentration of arginine. Therefore, we speculated that the
higher arginine levels associated with PFOS exposure might con-
tribute to liver injury through affecting the mTOR-P70S6K sig-
naling pathway. Future studies are warranted to validate the
detailed role of mTOR-P70S6K signaling pathway in PFOS-
induced liver injury.

Overall, our data demonstrate that PFOS could induce liver
injury by regulating amino acid metabolism via modulation of
fecal microbiota (Figure 6C). Several potentially beneficial intes-
tinal bacteria, including L. reuteri, E. faecalis, and Akk. mucini-
phila, were involved in the protective effects against liver injury.
Our findings provide a novel mechanism for PFOS-induced liver
injury and should be of value in considering supplementing pro-
biotics as a promising intervention in occupationally or nonoccu-
pationally exposed humans.

Limitations of this Study
The first limitation of our study is that the deep relationship
between bacteria alteration and arginine or other amino acid con-
centrations is insufficiently validated in the current study. Second,
it would be interesting to investigate the microbial communities of
cecal contents or mucus layer to provide possible additional infor-
mation that may be key to the understanding of the mechanism of
PFOS-induced liver injury. Last, the relationship between PFOS
and fecalmicrobiota needs to be further verified at environmentally
relevant concentrations andwith long-term exposure.
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